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Abstract 
Due to the high cost and environment issues in the production of carbon fiber from 
polyacrylonitrile (PAN) and pitch, the use of low cost bio-renewable materials are of great 
interest as an alternative precursor. Lignin is a highly aromatic biopolymer, extracted as a 
byproduct of wood pulping and has been investigated as a suitable precursor for carbon fibers. In 
the present work, we have demonstrated the feasibility of spinning modified lignin/polylactide 
(PLA) blend into robust, fine lignin fibers. Chemical modification of raw lignin via butyration 
was investigated to enhance the miscibility of lignin with PLA due to the formation of ester 
functional groups in place of highly polar hydroxyl (-OH) groups. The butyrated structure was 
confirmed by nuclear magnetic resonance (NMR) spectroscopy and fourier transform infrared 
spectroscopy (FTIR). Modified lignin /PLA blends at different compositions were prepared by 
melt mixing in a twin-screw micro compounder. The influence of the blend composition on the 
compatibility between lignin and PLA was examined by differential scanning calorimetry (DSC) 
and dynamic mechanical analysis (DMA). Thermogravimetric analysis (TGA) results of 
different blends revealed a systematic enhancement in the stability of the blends with the 
increase in PLA content from 0 to 50 wt .%. Lignin fibers were measured to possess modulus of 
about 500 to 2500 MPa, varied by B-lignin and PLA composition.  Cylindrical morphology was 
observed in all lignin fibers. After carbonization, microvoids structure could be seen in lignin-
based carbon fibers. Carbon fibers from B-lignin/PLA 75/25 maintained fibrous structure while 
carbon fibers from other ratios deformed during carbonization.  
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1. Introduction 
1.1 Wood Components 
Wood is a complex material composed of three major polymeric constituents: cellulose, 
hemicellulose and lignin. The proportions of each component are listed below under the category 
of different wood types (Table 1).  
Table 1. Chemical composition of different wood types [1]. 
Wood type 
Cellulose (% of dry 
weight) 
Hemicellulose (% of 
dry weight) 
Lignin (% of dry 
weight) 
Hardwood 40-45 30-35 20-25 
Softwood 40-45 25-30 25-30 
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Cellulose, the most abundant polymer in nature, is built up of linear chains of β-D-glucose 
linked to each other by β-1,4-glycosidic bonds [2](See Figure 1). The degree of polymerization is 
from 8,000 to 10,000 for cellulose in native wood. The hydroxyl groups on cellulose chains have 
a strong tendency to form inter- and intra- molecular hydrogen bonds, further forming crystalline 
regions and provide cellulose with partially crystalline and partially amorphous fiber structures 
[3]. Therefore, cellulose is quite rigid and stiff in the direction of macromolecular chains, but is 
tended to swell in the direction perpendicular to primary orientation. 
 
Figure 1. Structure of cellulose. 
Hemicelluloses are irregular macromolecules with more side chains consisting of different 
sugars. The overall degree of polymerization of hemicelluloses is very low (approximately 200) 
when compared to cellulose. The main hemicelluloses present in softwood are 
galactoglucomannans and arabinoglucuronoxylan, while in hardwood the primary hemicelluloses 
are glucuronoxylan [1]. Hemicelluloses themselves do not have enough moduli of elasticity to 
function as structural materials; therefore they contribute as a bonding agent between cellulose 
and lignin. Figure 2 shows the proposed structure for the arrangement of the secondary cell wall 
of woods. 
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Figure 2. Proposed model for the ultrastructural arrangement of the secondary cell wall of woods [4]. 
1.2 Lignin 
Lignin, a three dimensional amorphous polymer, mostly derived from wood, functions as the 
binding agent in the secondary cell wall of plants to bind cellulose and hemicelluloses. The 
mechanical strength of the cell walls in wood is mainly controlled by the bonding strength of 
lignin with other wood components. 
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The structure of lignin is complex, but the principal structural elements of lignin have been 
largely investigated. It is quite well known now that lignin is built up of three types of 
phenylpropane units: p-coumaryl alcohol, coniferyl alcohol, sinapyl alcohol (See Figure 3) [5, 6].  
 
Figure 3. Phenylpropane-based monomers of lignin, p-coumaryl alcohol, coniferyl alcohol, and sinapyl 
alcohol. 
Hardwood lignin is made from mixtures of coniferyl alcohol and sinapyl alcohol, whereas 
softwood lignin is dominated by coniferyl alcohol with little amount of the other two types of 
phenylpropane units [7]. However, the overall content of p-coumaryl alcohol remains very low 
in both hardwood lignin and softwood lignin, but high in the lignin from grasses.  
Modern methods developed in the field of analytical chemistry have unfolded the principle 
structure of lignin. It provides a clear understanding about the possible chemical bonds present in 
lignin macromolecule. The phenylpropanes units in lignin are linked together with either C-O-C 
(ether) or C-C (carbon-carbon) bonds. Approximately more than two thirds of linkages are ether 
linkages, while the rest are of carbon-carbon linkages [8]. The most commonly observed lignin 
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bonds are shown in Figure 4 and Figure 5, among all the -O-4 bond dominates in both softwood 
lignin and hardwood lignin. Table 2 summarizes the proportions of different types of present in 
hardwood and softwood lignin.  
 
Figure 4. Common linkages between the phenylpropane units [1, 9-11]. 
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Figure 5. Common linkages between the phenylpropane units [1, 9-11]. 
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Table 2. Proportions of different types of linkages connecting the phenylpropane units in lignin [1, 12]. 
Linkage type 
Softwood (Approximately 
percent of total linkages) 
Hardwood (Approximately 
percent of total linkages) 
β-O-4 45 – 50 60 
α-O-4 6 – 8 7 
β-5 9 – 12 6 
4-O-5 4 – 8 7 
5-5 18 – 25 5 
β-1 7 – 10 7 
β- β 2 3 
 
Functional groups in lignin vary among different wood species and also vary within the cell 
walls. Figure 6 illustrates the suggested structures softwood lignin [13]. Table 3 shows the 
abundance of some frequent functional groups in lignin. Characteristic methoxyl groups, 
phenolic hydroxyl groups and some terminal aldehyde groups are common and responsible for 
the chemical reactivity of lignin [1]. Most of the phenolic hydroxyl groups seen in Figure 6 are 
bonds with neighboring phenylpropane units of another lignin macromolecule resulting in a 
highly crosslinked structure. 
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Figure 6. A proposed structure of softwood lignin [13]. 
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Table 3. Functional groups in lignin of different types (per 100 C-9 Unites) [1, 14]. 
Functional Groups Softwood Lignin Hardwood Lignin 
Methoxyl 90 – 95 139 – 158 
Phenolic hydroxyl 20 – 30 10 – 15 
Benzyl alcohol 30 – 40 40 – 50 
Carbonyl 10 – 15  
Aliphatic hydroxyl 115 – 120  
 
1.3 Industry Lignin 
Industrial lignins are mainly extracted from the pulping process in paper production, the 
function of which is to separate cellulose fibers from other content of wood including 
hemicellulose and lignin. The chemical recovery system of pulping relies on the combustion of 
the spent pulping liquor, so the extraction of lignin becomes very essential since it proposed a 
way to keep consumed energy and produced energy balance. There are three major ways to 
produce chemical pulp, and thus three types of lignins are developed: sulphite lignin, kraft lignin, 
and soda lignin. It is estimated that more than 70 million tons of lignin are produced from 
pulping industry per year, but only 2 percent can be recovered for utilization as chemical 
products [15]. 
1.3.1 Sulphite Lignin 
Sulphite lignin is obtained from sulphite pulping process, which used to dominate the paper 
pulping industry but declined from nearly 20 million tons in the 1980s to about 7 million tons 
nowadays.  
In sulphite pulping process, sulphite or bisulphite salts of sodium, ammonium and calcium are 
mainly used pulping chemicals, prepared as aqueous solution to make pulping medium. The pH 
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of the pulping medium is determined by the type of salt used; for calcium bisulphite the pulping 
environment is highly acidic while the pH for pulping medium is kept in alkaline range when 
using sodium bisulphate. Several chemical reactions occur during the process, of which the 
sulphonation of lignin aliphatic chain is the signature one and gives resulting sulphite lignin its 
main characteristics (See Figure 7 for the reaction scheme). About 4% – 8% percent sulphur can 
be incorporated into lignin molecule as the form of sulphonate groups [16, 17], which attribute to 
the water solubility of sulphite lignin. Wood is firstly digested at 140 – 170 C with pulping 
agents (sulphite or bisulphit salts) for pulping washing process, and then lignosulphonate can be 
precipitated from the spent sulphite liquor after ultrafiltration which is designated to reduce sugar 
content usually by 35% [18].  
 
Figure 7. Main reaction scheme for lignosulphonate formation during acid sulphite pulping [19]. 
The resulting lignosulphonate is reported to contain 4% – 8% sulphur, mostly in the form of 
sulphonate but also in small amount of sulphite and sulphate [20, 21]. Therefore, lignosulphonate 
is soluble in water but insoluble in organic solvents. Other functional groups, including phenolic 
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hydroxyl, aliphatic hydroxyl and carbonyl groups, also exist in lignosulphonate, the amount of 
which is determined by the purity, molecular weight and production processing [22]. The 
molecular weight of lignosulphonate ranges from less than 1000 to higher than 150000[15]. 
Lignosulphonates are mainly used as dispersants for concrete water reducers and as binders for 
industrial applications [18]. 
1.3.2 Kraft Lignin 
Kraft pulping by far is the most used pulping process worldwide, and thus kraft lignin has 
dominance in all types of lignins. 
In kraft pulping, wood is cooked at about 170C with white pulping liquor consisting of 
aqueous sodium hydroxide and sodium sulphide. During the digestion, several chemical events 
take place: the cleavage between lignin and carbohydrate linkage, lignin depolymerization or 
degradation, and recondensation; the former two reactions remove lignin and hemicelluloses 
from cellulose. The reactions in kraft pulping do not form a lignin soluble in water under acid or 
neutral environment. Therefore, the principle of separation lignin from the black liquor is to 
reduce the pH, and then resulting kraft lignin can be precipitated, filtrated and dried to receive a 
powder form (Figure 8 illustrates typical structure of kraft lignin). 
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Figure 8. Typical kraft lignin structure 
Industrial kraft lignin is characterized of a relatively high purity, due to its insolubility in water 
making it possible to remove most water-soluble contents such as sugar and other salts. Usually 
ash contents of kraft lignin are as low as less than 3%. The molecular weights of kraft lignin are 
from 2500 to 39000 [23]. The glass transition temperature for kraft lignin exhibits around 140C, 
while there is no glass transition behavior is observed for lignosulphonate. Kraft lignin can be 
applied as dye dispersants and asphalt emulsifiers etc. [15] 
1.3.3 Soda Lignin 
Soda Pulping was firstly invented in 1851 [24] and is usually used for non-wood fibers such as 
wheat straws, flax, and sugarcane bagasse, etc.  
In soda pulping, wood pulp is usually made with sodium hydroxide as cooking chemicals. The 
cooking temperature for soda pulping can be maintain at 160C or lower, because non-wood 
fiber contains relatively low lignin content and possess a structure which is more accessible. 
Soda pulping shares a lot in common with kraft pulping, such as the reactions taking place 
during pulping process, which include cleavage reaction between lignin and carbohydrate 
linkage, lignin degradation and recondensation reaction. Similar to kraft lignin, the recovery of 
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soda lignin also happens along with acid precipitation, based on the solubility of soda lignin in 
alkaline conditions caused by the free phenolic groups. 
Industrial soda lignin also resembles kraft lignin in some properties such as insolubility in 
water and low levels of sugar and ash contents. Sugar content is determined by the types of 
feedstock and generally it is in the range of 2% to 3%; ash content for non-wood species is 
mainly silicates and it is reported usually below 1% [25]. However, commercially available soda 
lignin is unique in the way of its sulphur-free structure, and therefore it is considered to be closer 
to naturally existed lignin. Both aromatic and aliphatic hydroxyl groups also exist in soda lignin 
structure. The molecular weight is reported from 6900 to 8500. Soda lignin displays a glass 
transition between 158C and 185C [15]. The application of soda lignin includes thermal 
binding materials, animal feed area and dispersants. 
1.4 Poly lactide (PLA) 
As much more attention has been paid to environmental issues in recent days, bio-based 
polymers are poised to play an important role as a viable and biodegradable substitute for 
petroleum-based synthetic polymers. Nature biodegradable plastics are usually based on 
renewable resources such as corn starch. Polyesters derived from bio-derived monomers play a 
dominant part in biodegradable polymers, because they can be simply degraded by hydrolysis of 
the ester bond and do not need the presence of enzyme.  
Poly(lactic acid) or polylactide (PLA) is a linear aliphatic thermoplastic polyester, obtained 
from lactic acid which is produced by the fermentation of agricultural carbohydrate-rich 
substances such as sugarcane [26]. Therefore, PLA can be produced in an environmentally 
friendly cycle, and is considered as an alternative due to its comparable properties to 
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conventional polymers, such as polyethylene (PE), polypropylene (PP), polyethylene 
terephthalate (PET) and polystyrene (PS). 
1.4.1 Lactic acid 
Lactic acid (2-hydroxypropionic acid) is a naturally occurring organic acid, which was firstly 
obtained in fermentation by Blondeau in 1847 [27]. It is a simple chiral molecule, existing as two 
enantiomers, L – lactic acid and D – lactic acid (See Figure 9).  
 
Figure 9. Enantiomers of lactic acid. 
Lactic acid can be produced by either fermentation or chemical synthesis. The fermentative 
production using lactic acid bacteria receive more interest, since it uses renewable sources 
instead of petrochemicals, produces a desired optically pure L- or D- lactic acid, and combines 
several other advantages compared to chemical synthesis such as low production cost, low 
energy consumption and high product specificity [28, 29]. Approximately 90% of the total lactic 
acid produced worldwide is made by bacterial fermentation [30]. 
The carbon source for the biochemical production of lactic acid can be either sugar in pure 
form such as glucose, sucrose, lactose etc. or sugar-containing materials such as molasses, whey, 
sugar cane bagasse and cassava bagasse, starchy materials from potato, tapioca, wheat, barley etc. 
[31] Some agriculture byproducts can also be used as substrate for lactic acid production, such as 
corn starch, corn cob, corn stalks, wheat and rice barn, cellulose and lignocellulose etc. Table 4 
shows the agriculture residual substrate used and the yield of lactic acid.  
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Table 4. Starchy and cellulosic materials used for the production of lactic acid [32]. 
Substrate Lactic acid yield 
Wheat and rice bran 129 g/l 
Corn cob 90 g/l 
Pretreated wood 48 – 62 g/l 
Cellulose 0.89 g/g 
Barley 0.87 – 0.98 g/g 
Cassava bagasse 0.9 – 0.98 g/g 
Wheat starch 0.77 – 1 g/g 
Potato starch 0.87 – 0.97 g/g 
Corn, rice, wheat starches < 0.7 g/g 
Corn starch 0.935 g/g 
 
1.4.2 Poly(lactic acid) 
The existence of hydroxyl group and carboxyl group in lactic acid allows a polycondensation 
reaction to convert it into polyester. However, unless acidic catalysts such as boric or sulfuric 
acid are added, the conventional reaction does not increase the molecular weight of the products 
[31]. Since lactic acid is a chiral molecule with two enantiomers, PLAs are a family of pure 
poly(L-lactic acid) (PLLA), pure poly(D-lactic acid) (PDLA), and poly(D,L-lactic acid) [33]. 
Generally commercially available PLAs are copolymers of PLLA and PDLA. Depending on 
different ratio of its optically active enantiomers, PLA can be crystallized in three forms: , , 
and  [34]. 
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Figure 10. Synthesis of PLA [35] 
The most widely used method to obtain high molecular weight PLA is via ring-opening 
polymerization of lactide. Figure 10 shows this method for PLA synthesis. Lactide is a cyclic 
lactic acid dimer, intermediate formed during condensation polymerization, in which step 
solvents or catalysts are used under high vacuum and temperature to remove water produced in 
this reaction. The resultant product is a low molecular weight prepolymer and catalytically 
depolymerization is followed to form lactide. Three stereoforms of lactide are showed in Figure 
11: L-lactide, D-lactide and meso lactide. In the second step, L-lactide, D-lactide, D,L-lactide or 
17 
 
 
 
meso lactide is converted into corresponding high-molecular-weight PLA by catalytic ring 
opening polymerizaiton. Most commonly used catalyst in ring opening polymerization is a 
stannous octoate catalyst, while tin (II) chloride catalyst is often used in laboratory production 
[31]. 
 
Figure 11. Stereoforms of lactides. 
1.4.3 Material Properties 
Poly(lactic acid) exists numerous interesting properties including good mechanical properties, 
thermal stability, processability and low environmental impact. Properties of PLA depend on its 
stereochemistry, thermal history, processing methods and molecule weight etc. PLLA has a 
crystallinity of about 37%, a glass transition temperature between 55 – 80 C, and a meting 
temperature between 173 – 178 C [31]. The crystallization ability of polylactides decreases with 
chain stereoregularity, therefore optically pure polylactides, PLLA and PDLA are semi-
crystalline, and PLA with higher content of PLLA tends to be crystalline [36]. As shown in 
Table 5, the glass transition temperature, melting temperature, and density decrease with 
decreasing amount of PLLA. 
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Table 5. Comparison of mechanical and thermal properties between PLA and other polymers [31, 37, 38]. 
 
PLA PS PP PET 
 
PLLA PDLLA PDLA  
  
Density (g/cm3) 1.29 1.25 1.248 1.04 – 1.06 0.91 1.37 
Clarity Transparent Translucent Transparent Transparent 
Mechanical  
Properties 
Tensile yield 
strength (MPa) 
48 – 110 34 – 46 21 – 37 47 
Tensile modulus 
(GPa) 
3.5 – 3.8 2.9 – 3.5 1.1 – 1.5 3.1 
Tensile elongation 
(%) 
2.5 – 100 3 – 4 20 – 800 79 
 
Thermal  
Properties 
Glass transition 
temperature (°C) 
55 – 80 43 – 53 40 – 50 95 0 75 
Melting 
temperature (°C) 
173 – 178 120 – 170 120 – 150  163 250 
Processing 
temperature (°C) 
210 230 225 255 
 
Despite different properties resulted from different lactide structure unit, both amorphous and 
crystalline polylactides show brittle behavior at room temperatures [39]. PLA is a clear, colorless 
thermoplastic when quenched from the melt, and is similar in many aspects with polystyrene 
(PS). Table 5 summarizes some general properties of PLA and other commodity polymers 
including PS, PP and PET. In general, PLA products are soluble in dioxane, acetonitrile, 
chloroform, methylene chloride; PLA can only be partially dissolved in ethyl benzene, toluene, 
acetone and tetrahydrofuran at room temperature but can be dissolved in these solvents after 
heated [31]. However, PLA is not soluble in water and alcohols such as methanol or ethanol [30]. 
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The degradation mechanism of PLA is very complex and a lot of reactions can happen. 
Usually PLA degrades by hydrolysis occurring in two stages. First random chain scission of ester 
groups occurs to break PLA into low molecular weight products, and then the low molecular 
weight decomposes into carbon dioxide and water by microorganisms [40, 41].  
1.5 Carbon fibers 
Carbon fiber is defined as a fiber consisting of more than 90% carbon. It is a class of materials 
with unique advantages such as light weight, excellent tensile properties, low density, high 
resistance towards heat and corrosion, and good thermal and electrical conductivities. They have 
been extensively used in the manufacture of advanced composite materials in versatile forms 
such as woven textiles and prepregs. 
Carbon fiber can be classified into two sectors based on its mechanical properties, one is high 
performance group that includes aerospace (aircraft and space systems) and nuclear industry, and 
the other is general engineering sector including turbine blades and automobile bodies. While the 
production cost is critical for the use of carbon fibers in general engineering industry, the high 
performance carbon fiber is driven by maximum mechanical properties instead of the cost factor.  
There are two main types of carbon fibers currently commercial available, arising from two 
difference precursor materials, polyacrylonitrile (PAN) and mesophase pitch. Generally PAN-
based carbon fiber is known for high strength while pitch-based carbon fiber tends to be of high 
modulus but low strength. Another type of precursor is cellulose, which is brought to interests 
basically due to historical reasons that natural cellulosic fibers such as cotton or linen have been 
made into carbon fibers for thousand s of years. However, 1879 was the year that Thomas Edison 
purposely made carbon fibers out of cotton and bamboo to be used as filament in early light 
bulbs [42]. 
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1.5.1 PAN-based Carbon Fibers 
Many types of precursor have been tried to produce carbon fibers, of which polyacrylonitrile 
(PAN) has proved to be most efficient and popular. The reason for high popularity of using PAN 
is that the polymer has a continuous carbon backbone, which allows easy conversion of 
precursor to carbon fiber. The carbon content of acrylonitrile (CH2=CHCN) is 67.9% so there is 
no doubt that PAN precursor can achieve a high carbon yield of about 50 – 55%. The nitrile 
groups of PAN also contribute since they are ideally placed for cyclization reaction to occur, 
producing a ladder polymer, which is believed to be the first stage towards the carbon structure 
[43] (See Figure 12 for the scheme of PAN decomposition during carbon fiber preparation).  
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Figure 12. Schematic decomposition of PAN during carbon fiber preparation [44]. 
Since PAN is highly polar due to its nitrile pendant groups and tends to decompose before it 
melts, mostly wet spinning or sometimes dry spinning is applied to produce PAN precursor 
fibers using a highly polar solvent. The solution used for wet spinning usually consists of 10 – 30% 
by weight of PAN or (PAN copolymer) dissolved in sodium thiocyanate, nitric acid or 
dimethylacetamide [43]. The solution is firstly filtered and then extruded through a spinnerette 
into a coagulation bath, which is normally consisted of various solutions including water and 
sodium thiocyanate, or ethylene glycol and dimethylacetamide [45]. Figure 13 illustrates the wet 
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spinning process used to produce PAN precursor fibers. After spinning fine PAN fibers, they will 
be processed in an oxygen rich atmosphere for oxidative thermostabilization. This step is mainly 
to stabilize the oriented structure of fiber and prevent it from fusion during high-temperature 
treatment. The final step to obtain a PAN-based carbon fiber is carbonization process, carried out 
at 1000 – 1500 C in an inert atmosphere [46]  to manufacture high modulus fiber and to remove 
all elements other than carbon.  
 
Figure 13. Wet-spinning process used in producing PAN precursor fibers [47]. 
At early stages of carbonization, crosslinking reactions take place in the oxidized PAN, and 
therefore a planar structure starts to form oriented along the fiber axis [48]. Studies [49, 50] 
showed that PAN-based carbon fiber contains extensively folded, interlinked and not perfect 
aligned crystalline microstructure, and therefore, PAN-based carbon fiber exhibits a low degree 
of graphitization.  
1.5.2 Pitch-based Carbon Fibers 
Pitch is a general name for tar substance, so it is a mixture of hundreds of aromatic 
hydrocarbons. Both isotropic and mesophase pitch can be used as precursors for carbon fiber, the 
former is for general-purpose grade carbon fiber and the latter is for producing high performance 
carbon fiber. However, mesophase pitch is referred as precursor because it has highly oriented 
structure that is favorable for as-spun precursor fibers.  
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Due to its highly condensed aromatic structure resulting in relatively good thermal stability, 
mesophase pitch undergoes melt-spinning process to produce precursor fibers. The schematic for 
a typical melt-spinning process used to produce mesophase pitch precursor is shown in Figure 14. 
Firstly mesophase pitch is loaded into hopper as solid chips; then the chips are conveyed to 
extruder, and are heated and melted in this section forming a viscous melt; afterwards mesophase 
pitch melt goes to pumping area and finally exists through spinnerette with a simultaneous 
quenching atmosphere. Just like PAN-based carbon fiber process, oxidative thermostablization 
and carbonization steps are also employed in order to crosslink melt-spun fibers and convert 
them to carbon structure. In this case, mesophase precursor fibers are normally stabilized at 
temperatures ranging from 230 to 280 C, and then carbonized at temperatures from 1500 to 
3000 C [43]. 
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Figure 14. Melt-spinning process used in producing mesophase pitch precursor fibers [51]. 
Researches [52, 53] have confirmed that melt-spun mesophase pitch carbon fibers can develop 
high modulus, which is resulted from the transverse microstructure and axial molecular 
orientation formed during melt spinning.  
1.5 Lignin-based Carbon fiber 
Since lignin is a readily available, relatively inexpensive and biologically derived natural 
polymer, the use of lignin in various area receive increasing attention, such as in dispersants, 
adhesives, surfactants, lignin-based thermoplastics [54] and composites [55]. Investigations on 
how to produce carbon fibers from lignin also have caught lots of interests for decades. One of 
the very first reports is from Otani and his co-workers in 1969 [56]. In their case, three kinds of 
lignin: alkali lignin, thiolignin and ligninsulfonate were used under different experimental 
conditions. Lignin fibers were preheated from 400 C to 1000 C, and carbon fibers were 
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produced from both thermal spinning and solvent spinning. Wet spinning were carried out by 
dissolving chemically treated lignin with polyvinyl alcohol, polyacrylonitrile or viscose in some 
solvent, but the amount of the polymers should be less than lignin and otherwise the strength of 
final carbon fiber could be rendered. Under thermal spinning occasion, blending lignin with 
polyvinyl alcohol, polyacrylonitrile or viscose in some solvent was proved to enhance the 
spinnability and tensile strength of the fibers. Carbon fiber were prepared with short 
thermostabilization period, and the tensile strength of final fibers was observed to be 800MPa 
[56]. 
Microvoids structures in lignin-based carbon fibers were firstly found by Tomizuka and co-
workers in 1971 [57]. The fine structure of lignin-based carbon fibers was later reported by 
Johnson et al. in 1974 [58]. High resolution electron microscopy and high angle X-ray diffraction 
were used to characterize lignin-based carbon fibers which had been heat treated before at 1500 
C and 2000 C. It was investigated that lignin-based carbon fibers possess a heterogeneous fine 
structure consisted of a variety of continuous and discontinuous inclusions of highly graphitized 
structure. The reason for heterogeneity was attributed to the impurities in the precursor fiber that 
influences the catalytic graphitization reaction [58]. Tomizuka and Johnson also published 
another paper in which the microvoids structure of both lignin-based and pitch-based carbon 
fibers were comparied [59]. It was showed that the sizes of microvoids increased with the 
increase of heat-treatment temperature and the stretching treatment during heating process; the 
microvoids sizes were 0.6 nm – 1.0 nm for fibers after 2000 C heat treatment, 1.5 nm for fibers 
after 3000 C heat treatment and 1.7 nm fibers after both 3000 C heat treatment and stretching 
[58]. 
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Sudo et al. reported a method for manufacturing lignin for carbon fiber spinning in 1994[60]. 
Lignin and phenolic solvent were heated first at its boiling point to obtain phenolated lignin, 
during which reaction heat treatment of phenolation mixture was required at a temperature 
ranging from 180 C to 300 C for 30 mins to 6 h under non-oxidizing atmosphere and reduced 
pressure [60]. The lignin produced from this method could be continuous spun by conventional 
heat fusion process and a high carbon yield of 80% could be obtained which was higher than 
pitch type carbon fiber [60]. 
Acetic acid lignins were also studied. Kubo, Uraki and Sano produced carbon fibers by thermal 
spinning softwood lignin obtained from atmospheric acetic acid pulping [61]. Chemical 
modification was not required in this system. The spinnability of sofwood acetic acid lignin was 
improved by removing the infusible high molecular mass fraction due to the pulping process. 
The low molecular mass fraction was spun after thermal treatment at 160 C under vacuum for 
30 min to remove pyrolyzed gaseous materials which would prevent better spinning process. 
Excellent fiber spinning speed of 400m/min was reached [61]. Tensile strength of 250 – 450 
MPa and carbon yield of about 20% were reported for the softwood acetic acid lignin carbon 
fibers [61]. 
In addition to acetic acid lignin, kraft lignin also caught attention of producing carbon fibers. 
Kadla and co-workers successfully manufactured carbon fibers from a commercially available 
kraft lignin without chemical modification [55]. Kraft lignin was blended with poly(ethylene 
oxide) (PEO) to improve spinnability, but the PEO ratio should be maintained under 5% 
otherwise inter-fiber fusing was displayed during carbonization [55]. An overall carbon fiber 
yield of 45% was achieved; kraft lignin-based carbon fibers also showed promising in 
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mechanical properties: a tensile strength of 400 – 550 MPa and young’s modulus of 30 – 60 GPa 
was recorded[55]. 
It has been widely accepted that thermal blending lignin with other polymers is the solution to 
improve spinnability and further produce fibers, and thus studies on lignin and polymer blends 
were also a part of producing carbon fibers. Kubo and Kadla have reported their studies based on 
kraft lignin and alcell lignin with different polymers during 2003 – 2005 [62-65]. Miscible 
blends were observed in kraft lignin with poly(ethylene oxide) (PEO) and poly(ethylene 
terephthalate) blends, while immiscible blends were found in kraft lignin with poly(propylene) 
and poly(vinyl alcohol) (PVA).In lignin and PEO system, the hydrogen bonding between lignin 
and PEO was attributed to its miscibility as confirmed by FT-IR analysis [62].Despite 
immiscible blends of lignin and PVA, strong intermolecular interactions were observed which 
was due to the formation of a relatively strong hydrogen bonding between hydroxyl groups of 
lignin and the short-chain PVA [63]. Furthermore, alcell lignin was investigated to possess a 
weaker favorable interaction than kraft lignin [64], while softwood kraft lignin was found to 
have negative impact in miscibility than hardwood kraft lignin and it was due to a large amount 
of bisphenol unites in softwood kraft lignin which restricted the thermal mobility of lignin 
macromolecule [65]. 
1.6 Lignin Esterification 
Alcohol groups can be converted to side groups with less polarity by esterification. The most 
commonly reactants for alcohol esterification are carboxylic acids, acid anhydrides and acid 
halides [66]. Carboxylic acids result in a relatively slow reaction and undergo reversible 
esterification reaction, which can be only applied to primary and aromatic alcohols. Since lignin 
contains secondary alcohols, anhydride-alcohol is chosen, where the reaction is irreversible. The 
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reaction can be catalyzed by tertiary organic bases such as pyridine and imidazoles to produce 
ester and carboxylic acid at the end.  
Various acid anhydrides can be used for the addition of different side chains to the hydroxyl 
groups of lignin. Increasing the length of the aliphatic carbon chains of the attached ester groups 
can reduce the polarity of lignin and improve its solubility in nonpolar solvents such as styrene. 
Acetic anhydride, propionic anhydride and butyric anhydride can be used to increase the carbon 
chain length of the esters in steps of one carbon. The conversion of hydroxyl groups to esters is 
shown in Figure 15. 
 
Figure 15. Conversion of hydroxyl groups to esters via acetylation, propionation and butyration. 
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2. Bio-renewable fibers extracted from lignin/polylactide (PLA) blend 
2.1 Introduction 
Polymer matrix composites (PMC’s) consists of a thermoset or thermoplastic resin combined 
with a fibrous reinforcing dispersed phase that are usually stronger and stiffer than the matrix 
[67]. Fiber reinforced PMC’s have gained popularity in manufacturing products that need to be 
lightweight but strong, such as wind turbines. These composites primarily utilize glass fibers as 
reinforcements in thermoset polymer resins. Despite the advantages such as low cost and 
adequate strength and stiffness, most glass fibers have high densities and low fatigue ratios, 
which severely limits the dimensions and performance of wind turbine blades. In order to extend 
the load bearing capacity of the turbine blades without increasing the overall structural weight, 
carbon fibers are the preferred alternative choice for their excellent mechanical properties, low 
densities, and high fatigue ratios. Carbon fibers are currently produced either from 
polyacrylonitrile (PAN) or pitch, however, due to the high costs and environment issues 
associated with PAN-based and pitch-based carbon fibers, renewable sources of carbon are of 
great interests to be studied as carbon-fiber precursors [68]. 
Lignin is an aromatic biomacromolecule existing in plants, second abundant to cellulose, and 
is a by-product from conventional wood pulping industry [15]. The complex three dimensional 
molecular structure of lignin with its overall high molecular weight (Mw) makes it difficult to 
process it into fibers. It is widely recognized that blending lignin with polymers is a convenient 
and inexpensive method to produce fibers with desired surface characteristics and mechanical 
properties. In previous studies, petroleum-based polymers such as polyethylene terephthalate 
(PET), polypropylene (PP) and poly(ethylene oxide) (PEO) have been reported successfully 
blending with lignin to produce fibers [65, 69]. However, potential environmental issues 
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associated with petroleum-based polymers prompt to seek alternative polymers obtained 
basically from renewable sources. Polylactide (PLA) is a biopolymer derived from corn starch, 
sugarcane, or lignocellulosic biomass and exhibits properties comparable to those of synthetic 
polymers such as PET [70, 71]. Blending lignin with PLA also offers significant potential to 
make the carbon fiber production process much greener and renewable rather than utilizing 
petroleum based polymers such as PET, PP or PEO. The possibility to process lignin fiber by 
melt spinning is another essential benefit, which can produce the processing costs.      
In recent work, R.P. Wool et al. [72] have studied the esterification of lignin by reacting lignin 
with butyric anhydrate in the presence of 1-methylimidazole (1MIM) as catalyst to reduce the 
influence of the hydroxyl groups. The butyration reaction increases the solubility of lignin in 
styrene, a reactive diluent in typical polyester resins. In similar works, lignin was reacted with 
different acid anhydrates to vary the carbon chain length of the lignin ester. Esterification with 
different anhydrates revealed the fact that increasing the carbon chain lengths in the ester groups 
increases the solubility of lignin in organic solvents. In the present work, this modification 
strategy was used to show that the miscibility of lignin with PLA was significantly improved. 
Blends of modified lignin and PLA were successfully melt spun into fine fibers. The ability of 
the blend components to develop a molecular level interaction in the fine fiber was investigated. 
The compatibility between modified lignin and PLA phases was qualitatively studied by 
microscopic techniques and thermomechanical analysis. 
 
2.2 Experimentals 
2.2.1 Materials 
Unmodified kraft softwood lignin (Indulin- AT) was provided by MeadWestvaco Corporation, 
Richmond, VA. As-received lignin was washed in dilute HCl solution (pH = ~3) to remove 
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dissolved salts. Washed lignin was vacuum dried for several hours to evaporate water content 
and was received as powder form.  
Poly lactide (PLA) (NatureWorks LLC, Minnetonka, MN), butyric anhydride (Sigma-Aldrich), 
1-methylimidazole (1MIM) (Sigma-Alsdrich), Cyclohexane (Sigma-Aldrich), Ethyl ether 
(Sigma-Aldrich), Deuterated dimethyl sulfoxide (DMSO-d6) (Cambridge Isotope Laboratories, 
Inc), Potassium bromide (KBr) (Fisher Sientific). 
2.2.2 Lignin Modification 
Kraft softwood lignin and butyric anhydride were added into a three-necked flask at a weight 
ratio of 1:2. For every 40 g lignin, 1 g of 1MIM was also added into the flask as a catalyst. The 
reaction was carried out under vigorous stir at 50 C for several hours to ensure complete 
conversion of hydroxyl group into ester group. After the reaction was completed, ethyl ether was 
added at 1:1 volume ratio and the whole mixture was then washed with deionized water to 
separate the catalyst 1MIM out of the system. Cyclohexane was then added into ether phase to 
sediment modified lignin, and the product (butyrated lignin, B-lignin) was filtered and dried in 
vacuum oven for 24 h to receive ~90% of yield in the form of powder form. 
Complete butyration was confirmed by Nuclear Magnetic Resonance (
1
H NMR) Spectroscopy 
on a Varian VXR-300 NMR spectrometer. Samples were prepared by dissolving unmodified 
lignin and B-lignin in DMSO-d6. 
The modification was also followed by Fourier Transform Infrared Spectroscopy (FTIR) on a 
Bruker IFS-66V FT-IR spectrometer. Dried B-lignin and unmodified lignin were milled with 
KBr to form very fine powder, which then was compressed into a thin pellet for analysis. 
2.2.3 Fiber Blends Preparation 
B-lignin/ PLA blends in various ratios of 100/0, 90/10, 75/25, 50/50, and 0/100 (B-lignin/PLA, 
w/w) were processed by melt mixing at 180 °C and then extruded using a twin-screw 
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microcompounder (MC) from DACA Instruments (Santa Barbara, CA). The resident time of the 
melt in barrel was maintained about 5 mins to avoid thermal degradation. Fine fibers were 
extruded from a fiber spinning die attached to the end of extruder. After extrusion, continuous 
fibers were spooled using a DSM-Xplore micro spinning equipment. 
2.2.4 Thermostabilization and Carbonization 
B-lignin/PLA fibers underwent thermostabilization step prior to carbonization. Fibers were 
placed into a ceramic crucible and then placed into a muffle furnace. Thermostabilization was 
carried out as follows: fibers were first heated to 105 C at 1 C/min to eliminate all the moisture 
content, and then heated to 250 C at 0.25 C/min and held for 5h in an oxygen stream. The 
thermostabilized fibers were then carbonized under nitrogen atmosphere at 1000 C (heating rate 
180 C/h).  
2.2.5 Thermal Analysis 
The thermal stability, glass transition behavior and dynamic mechanical properties of B-
lignin/PLA blends  were performed by thermogravimetric analyzer (TGA- Q50)  differential 
scanning calorimeter (DSC-Q20) and dynamic mechanical analyzer (DMA-Q800) respectively. 
All instruments are from TA Instruments (New Castle, DE).   
TGA results were obtained under nitrogen atmosphere from room temperature (RT) to 1000 °C 
at a heating rate of 20 °C/min. Fiber samples were cut into short pieces prior to analysis. 
DSC scans were conducted from -50 °C to 200°C at a 20 °C ramp under nitrogen atmosphere. 
To prepare samples for DSC, B-lignin/PLA fibers were cut into small pieces. 
DMA measurements were performed in three point bending mode. Rectangular shape 
specimens with 24.5 X 12.5 X 2mm dimensions were prepared by compression molding using a 
2-ton hydraulic press of Wabash. The change in the modulus in the sample with temperature was 
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measured between -50 °C to 150 °C at 3 °C /min heating rate. A 10 mm span length was used for 
3-point bending clamps.   
2.2.6 Tensile Modulus of B-lignin/PLA Fibers 
The Tensile modulus of individual B-lignin/PLA fibers was measured by following the ASTM 
standard (D 3379-75) [55] with Q800 DMA from TA instruments (New Castle, DE), equipment 
with tensile film clamps. A gauge length of 1.27 mm was used to measure the modules of fibers 
from an average of 6 samples. Fiber diameter was measured by Olympus BX51 optical 
microscopy. 
2.2.7 Characterization of Morphology 
Individual B-lignin/PLA and lignin-based carbon fibers were characterized by FEI Quanta 250 
Field Emission - Scanning Electron Microscopy (SEM) at 10.00 kV under high vacuum.  
Morphology of the cross-section in the B-lignin/PLA fibers was studied by Transmission 
Electron Microscopy (TEM) on a 2007 JEOL 2100 200 kV scanning and transmission electron 
microscope (STEM). 
 
2.3 Results and discussion  
2.3.1 Lignin Modification 
Figure 16 shows the mechanism involved in butyration of lignin [72]. The butyric anhydride 
reacts with 1-methylimidazole (1MIM) to form an N-alkyl-N'-methylimidazolium ion, which 
then reacts irreversibly with an alcohol group to form an ester group. R and R' may be any 
aliphatic or aromatic chain on the lignin. Modified lignin was then sedimented, filtered and dried 
in a vacuum oven for 24 h. Figure 17 is a schematic representation of a softwood lignin as 
proposed by Adler [73]. Even though this model does not depict the actual structure of lignin, it 
serves as a tool to visualize the linkages and functional groups believed to exist in lignin 
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macromolecules. During butyration, the hydroxyl groups in lignin were expected to be replaced 
by ester groups, as shown in Figure 18. Since butyration reaction of lignin is a facile reaction, it 
is possible to easily scale-up the process.  
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Figure 16. Reaction scheme of 1MIM catalyst esterification [74]. 
 
Figure 17. Proposed chemical structure of softwood lignin [73]. 
 
Figure 18. Conversion of hydroxyl groups to ester groups [75]. 
The formation of butyric ester groups on lignin was confirmed by nuclear magnetic resonance 
(
1
H NMR) spectroscopy. Figure 19 shows the 
1
H NMR spectra obtained from softwood lignin 
before and after butyration reaction. The characteristic peaks appearing between 0.98 and 2.22 
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ppm for B-lignin correspond to the formation of ester groups upon butyration [76]. FTIR 
spectroscopy confirmed that functional groups had been generated on lignin by butyration. 
Figure 20 is the FTIR spectra of B-lignin. After butyration, the alcohol bands (3300–3700, 1097, 
and 1035 cm
−1
) reduce in size while the C=O bands (1740 and 1600 cm
−1
) increase [77]. Based 
on the reaction mechanism in Figure 16, it is believed that the observed drop in peak intensity is 
mainly due to the formation of ester groups by replacing hydroxyl groups. Therefore, we can 
conclude that the butyration reaction was completed successfully. Reducing surface hydroxyl 
groups can significantly reduce the high polarity of lignin; accordingly modified lignin can be 
completely soluble in low polar organic solvents. 
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Figure 19. 
1
H NMR spectrum of softwood kraft lignin; a. before butyration; b. after butyration. 
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Figure 20. FTIR spectrum of softwood kraft lignin after butyration. 
2.3.2 Miscibility of B-lignin/PLA Blends  
The compatibility of B-lignin and PLA phases in the blends was primarily investigated based 
on their glass transition (Tg) behavior. DSC curves of all blends are compared in Figure 21, and 
the onset Tg corresponding to each blend is pointed by the arrows. As the content of B-lignin in 
the blend increases, the onset Tg shifts lower and the Tg peak becomes broader. This indicates a 
molecular level compatibility between PLA phase and B-lignin phase. The onset Tg is 
determined by the base line intersecting the tangent with the largest slop on the step. 
Further evidence can be seen with respect to their melting temperature (Tm). Table 6 lists the 
onset Tg and Tm of different blends measured from DSC experiment. The Tm of the PLA phase in 
the blends decreases with increasing B-lignin content. This type of Tm behavior is usually 
observed in miscible blends of crystalline polymers [78]. In this case, compatibility between B-
lignin and PLA phases is considered instead of miscibility.  
Both melting and cold crystallization peaks decrease with increasing B-lignin content, 
indicating that the blends exhibit a more amorphous structure. Moreover, as can be seen from 
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DSC curves (Figure 21), the melting peak of PLA component became very broad as a result of 
the blending with lignin. This result indicates that PLA have various crystalline structures in the 
B-lignin/PLA blends [63].The presence of crystalline structures of the PLA phase in the blends 
could prevent fiber melting during thermostabilization stage (a process required to gradually 
oxidize and stabilize lignin fibers for further carbonization process), temperature of which should 
be close to Tm. However, blends with high B-lignin content are preferred because it controls the 
carbon yield in carbon fibers. Therefore, B-lignin/PLA 75/25 may be the desirable composition 
due to the presence of a crystalline PLA phase with high overall lignin content. 
Table 6. Tg and Tm values measured for the B-lignin/PLA blends. 
Sample 
Onset Tg from DSC 
experiment 
(
o
C) 
Tm from DSC experiment 
(
o
C) 
B-lignin/PLA 100/0 42 - 
B-lignin/PLA 90/10 42 155  
B-lignin/PLA 75/25 48 159  
B-lignin/PLA 50/50 51 164  
B-lignin/PLA 0/100 59 170  
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Figure 21. Differential scanning calorimetry (DSC) curves for B-lignin/PLA blends. 
 
2.3.3 DMA Analysis of B-lignin/PLA Blends 
DMA measurements allow further study on the compatibility and interaction between B-lignin 
and PLA phases, and also provide an alternative method to determine glass transition 
temperature.  
The glass transition behavior and the storage modules (E`) of the investigated samples are 
shown in Figure 22. At low temperatures, all samples appear to be in the glassy state, and E` is 
independent of temperature. Storage modulus (E`) values and glass transition temperature (Tg) 
are provided in Table 7. A strong decrease in the plateau modulus occurs at high temperature for 
the blends with high B-lignin. Furthermore, pure B-lignin and B-lignin/PLA 90/10 blend show a 
terminal response with increasing temperature, exhibiting a drop in modulus to 0 MPa; whereas 
the E` of blends with high PLA content show a non-terminal response. Cold crystallization after 
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Tg in the PLA phase might be the driving force supporting the stiffness of materials at high 
temperatures. However, despite of a higher PLA content, the E` value of B-lignin/PLA 75/25 is 
higher than pure B-lignin and B-lignin/PLA 90/10 at lower temperatures. A potential reason for 
this anomalous behavior of the B-lignin/PLA 75/25 blend might be the presence of a crystalline 
phase. From storage modulus curves (Figure 22) it can be seen that B-lignin/PLA 75/25 showed 
a prominent crystal melting peak when compared to pure B-lignin and B-lignin/PLA 90/10. 
Therefore, it is believed that at low temperatures, the stiffness (E`) of B-lignin/PLA 75/25 in the 
glassy phase is supported by the concentration of the B-lignin phase as expected, while the 
stiffness of the sample at high temperatures is supported by the cold crystallization in the PLA 
phase.   
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Figure 22. Storage modulus (E`) curves of B-lignin/PLA blends. 
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Figure 23. Loss modulus (E``) curves of B-lignin/PLA blends. 
The Tg of all investigated samples is determined from the peak temperature of the loss 
modulus (E``) curves (Figure 23). Tg decreases from approx. 70 
°
C to 54 
°
C with increasing B-
lignin content, which is in accordance with the DSC results. It has been reported by Cowie [79] 
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that the intensity of the loss peaks (the area below the peaks) and the inclination of the plateau 
region in the E` versus T curves are indicators of phase miscibility. In our case, this supports the 
compatibility and interaction between B-lignin and PLA phases, along with the presence of a 
single Tg peak for all blends. When adding B-lignin into PLA (B-lignin/PLA 50/50), the loss 
peak becomes broader and the intensity decreases compared to pure PLA E`` curve. However, 
with further increasing B-lignin content, the width of the peak decreases and the peak height 
increases. The change in peak width and height with respect to the composition indicates a high 
level of compatibility between the phases that can form microphase separation [80].  For B-
lignin/PLA 50/50, the Tg peak indicates a distinct transition in phase behavior from the PLA-rich 
phase to the B-lignin-rich phase. On either sides of the transition, the Tg behavior is mostly 
governed by the major phase in the blend.  
Storage modulus values of B-lignin/PLA blends are also listed in Table 7. B-lignin/PLA 75/25 
exhibits the highest storage modulus at 25 °C, which further indicates compatible phases of B-
lignin and PLA at this composition.  
Table 7. Glass transition temperature (Tg) and storage modulus (E`) in the glassy state of B-lignin/PLA 
blends. 
Sample 
Tg from DMA 
experiment  
(
°
C) 
Tg from Fox equation 
(
o
C) 
Storage Modulus (E`) 
at 25 °C  
(MPa) 
B-lignin/PLA 
100/0 
54 54 871 
B-lignin/PLA 
90/10 
55 56 781 
B-lignin/PLA 
75/25 
57 58 1055 
B-lignin/PLA 
50/50 
64 62 599 
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The Tg – composition curves are illustrated in Figure 24, showing a linear additive line, which 
indicates weak specific interaction exist between the two components in the B-lignin/PLA blends 
[81]. The Flory-Fox equation can be applied to explain the Tg behavior of this polymer blend. 
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Figure 24. Flory-Fox equation fit for B-lignin/PLA blends. 
 
2.3.4 Thermal Degradation Behavior of B-lignin/PLA Blends 
The decomposition profiles are given in Figure 25 and the first derivative of the TGA curves 
(DTG) is shown in Figure 26. The thermal degradation profiles of the investigated materials 
reveal a systematic enhancement in the stability of the blends with the increasing PLA content 
from 0 to 50 wt. %. Pure PLA appears to be stable without any a major loss in weight up to 350 
°
C, whereas B-lignin and their blend compositions show a continuous decrease in weight loss 
profile. A slight weight loss below 100 
°
C can be seen and it was mainly due to the dehydration 
of the absorbed moisture after processing of the samples. The onset degradation temperature 
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which can be determined by the tangent point of the weight loss curves, and the temperature at 
1% weight loss shift toward higher temperatures with increasing PLA (Table 7). In an earlier 
work, M. Garcìa-Pèreza. et al. [82] reported the kinetics of thermal decomposition in sugarcane 
bagasse and demonstrated that the thermal degradation reaction of lignin occurs over a wide 
range of temperatures (between 200 to 600 
°
C). Our samples also show a broad degradation 
reaction between 200 to 600 
°
C, which could be associated with the degradation of lignin as 
reported earlier.  
TGA curves also provide information of blend composition on the residual weight obtained 
after 800 °C. The wt. % of the residual weights is given in Table 8. Degradation of lignin in inert 
atmosphere allows converting lignin into carbon without oxidation of the residue. Hence, the 
final carbon residue is quite stable without loss in weight up to 950 °C. The wt.% of carbon 
formed as residual decreases from 27 wt. % to 0.36 wt. % with increasing PLA content. As 
lignin is the main source of carbon content, reducing lignin content results in a systematic loss in 
carbon content for all blends. Therefore, residual weights from TGA results, which correspond to 
carbon yield from the lignin based fibers, can be used to optimize the production process to 
obtain a higher carbon yield in final fibers.    
The maximum decomposition peak temperatures (Tmax) in the DTA curves for the neat and 
blended samples are also listed in Table 8. Tmax of B-lignin slightly increases with increasing 
PLA content. However, B-lignin/PLA 100/0 having two distinct Tmax at approx. 334 
°
C and 393 
°
C, reveals a two-stage degradation process. The degradation step at the lower temperature might 
be due to the presence of additional components in the bulk sample. The presence of 
polyphenolic components with high carboxylic acid content might explain a second degradation 
stage prior to the major B-lignin degradation [83].  With incorporation of PLA in B-lignin, peak 
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intensity increases with a simultaneous decrease in the peak width. The influence of blending 
PLA into B-lignin on the peak behavior of Tmax can be attributed to the presence of molecular 
level interactions between the two phases.  
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Figure 25. Thermogravimetric analysis (TGA) weight loss curves of B-lignin/PLA blends. 
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Figure 26. Derivative of weight loss (DTG) curves of B-lignin/PLA blends. 
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Table 8. Characteristic thermal degradation temperatures and wt. % of residual carbon from TGA. 
Sample 
Onset temperature 
at 1% wt. loss (
°
C) 
Maximum of 
thermal 
decomposition 
temperature (
°
C) 
Residual carbon at 
800 
°
C (wt. %) 
B-lignin/PLA 100/0 163 334 and 393 27.3 
B-lignin/PLA 90/10 177 348 22.38 
B-lignin/PLA 75/25 197 358 17.99 
B-lignin/PLA 50/50 219 364 9.8 
B-lignin/PLA 0/100 310 368 0.36 
 
2.3.5 Tensile Modulus of B-lignin/PLA Fibers 
In order to measure the tensile modulus, DMA time sweeps tests were conducted under a fixed 
frequency for 10 mins for each sample. Figure 27 and Table 9 illustrate the tensile modulus 
values of different B-lignin/PLA fibers.  
As can be seen from Figure 27, pure B-lignin fiber contains a lowest modulus of ~ 550 MPa 
while pure PLA fiber has the highest modulus of ~ 3400 MPa, which is comparable to 
commercial PLA fiber with a modulus of  ~ 4000 MPa [27]. Modulus of B-lignin/PLA fibers 
increases with increasing PLA content. It should be noted that the modulus increases 
prominently from ~640 MPa to ~2000 MPa for fibers with 10 wt. % and 25 wt. % of PLA 
respectively. The high compatibility between B-lignin and PLA phases in the fibers might be the 
possible explanation. Further increasing PLA content to 50% does not show a significant 
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improvement in the modulus as observed in blends with 10 and 25 wt. % of PLA. Therefore, B-
lignin/PLA 75/25 is considered to be promising for carbon fiber production.  
However, at room temperature, the elastic modulus from dynamic mechanical analysis of B-
lignin/PLA fibers show a different tendency when compared to the dynamic flexural modules of 
the bulk samples (see Table 7 and Table 9). The moduli of fiber samples in Table 9 are steadily 
increasing with increase in the PLA content whereas in bulk samples it shows a decreasing trend 
from PLA weight content of 25% to 100%. A possible explanation could be the influence of 
processing conditions on the phase behavior in the blends. While spinning fine fibers, the 
unidirectional orientation of the PLA crystalline phase in the fiber direction plays a dominant 
role in controlling the overall mechanical properties. Hence with the increasing PLA content a 
direct increase in the modulus can be expected. However, in the bulk samples, processing 
samples by compression molding provides equilibrium samples with negligible orientation in the 
crystalline PLA phase. The expected microphase separation in the blends in equilibrium state 
could respond collectively to the applied load. Therefore the moduli values from the fiber 
samples may not be comparable. But the observed difference in the overall trend of modulus 
between fiber and bulk samples is still not clear. More tests need to be conducted to identify the 
reason behind the observed trends. 
Table 9. Modulus of B-lignin/PLA fibers. 
Sample Diameter (μm) Modulus (MPa) 
B-lignin/PLA 100/0 154 ± 41 542 ± 42 
B-lignin/PLA 90/10 131 ± 37 633 ± 80 
B-lignin/PLA 75/25 122 ± 29 1941 ± 107 
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B-lignin/PLA 50/50 110 ± 18 2383 ± 60 
B-lignin/PLA 0/100 159 ± 20 3344 ± 122 
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Figure 27. Modulus of B-lignin/PLA fibers. 
 
2.3.6 Morphology of B-lignin/PLA Fibers 
The surface morphology of fibers extracted by melt spinning were initially examined by 
scanning electron microscopy (SEM) to verify the compatibility between B-lignin and PLA. 
Figure 28 shows that fiber of all B-lignin/PLA blends exhibit a cylindrical morphology which is 
independent of the composition of the blends. Macrophase separation, typically observed for 
immiscible blends, does not occur here.  Figure 28b shows the finest fiber spun from a B-
lignin/PLA 75/25 blend with a diameter of ~80 μm. Interestingly, SEM images of fiber cross 
sections show that many small fibers align inside a larger, single fiber. 
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Figure 28. SEM images of B-lignin/PLA fibers. (B-lignin/PLA (w/w); a. 50/50; b. 75/25; c. 90/10). 
Figure 29 shows TEM images for the fiber cross section of different blends. Phase separation 
can be seen from all blends, which indicates that B-lignin and PLA are phase separated on the 
micro scale. The B-lignin phase appears first as a discontinuous phase in B-lignin/PLA 50/50 
blends, but changed into a continuous phase with increasing B-lignin content. The diameter of 
the inner fiber is less than ~ 1-2 μm. Other than the B-lignin/PLA 50/50 and 90/10 blends, the 
75/25 blend shows a structure of B-lignin and PLA phase embedded in each other’s phase, which 
might be the reason for a stronger interaction and finer fiber morphology. 
a c 
b b 
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Figure 29. TEM images of B-lignin/PLA blends. (B-lignin/PLA (w/w); a. 100/0; b. 50/50; c. 75/25; d. 90/10; e. 
0/100). 
2.3.7 Carbonization of B-lignin/PLA Fibers 
In order to convert lignin-based fibers produced from thermal spinning into carbon fibers 
without losing fibrous shape, the lignin-based fibers must be thermostabilized by heating under 
oxygen rich atmosphere to prevent fiber fusing during the carbonization process [61]. Since 
softwood lignin is very sensitive to the heating rate [55], the temperature was increased carefully 
at very low heating rate (0.25 C/min) during thermostabiliztion steps. However, fiber stability 
was not only dependent on thermostabilization conditions but also on B-lignin/PLA blends 
composition. Figure 30 shows the effect of B-lignin/PLA blend composition on carbon fiber 
stability. It is evident that B-lignin/PLA 75/25 fiber shows stable cylindrical fiber morphology 
without deforming, while the carbon fibers with more B-lignin or PLA content deformed during 
thermostablization and carbonization steps. This further indicates that the compatibility between 
a 
b c d 
e 
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B-lignin and PLA phases at the B-lignin/PLA ratio of 75/25 to support the fiber form during 
subsequent carbonization. 
 
Figure 30. SEM images of lignin-based carbon fibers. (B-lignin/PLA (w/w); a. 50/50; b. 75/25; c. 90/10). 
In the carbon fibers produced from B-lignin/PLA blends, microvoids can be observed from the 
cross section of all fibers (SEM images shown in Figure 31). These kind of morphology have 
been reported earlier by I. Tomizuka et al. [57] The microvoids structure in this case might be 
attributed to the PLA content, which was blended to improve processibility during fiber spinning 
process. From the observed microphase separation in the blends, the PLA phase is expected 
evaporate completely during carbonizing the lignin fibers at high temperature. It can be clearly 
seen that the size of microvoids decreases with increasing B-lignin content, and disappears for 
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the pure B-lignin carbon fibers. Compared to B-lignin/PLA 90/10 and 50/10, B-lignin/PLA 
75/25 reveals more uniformly scattered microvoids structure. Moreover, all microvoids exhibit 
along the fiber orientation, which can also be seen from the surface of the lignin-based carbon 
fibers. Usually the presence of microvoids is considered to be a defect in carbon fibers, but they 
are also considered to reduce the weight of the composite structure. 
 
Figure 31. Cross section images of lignin-based carbon fibers. (B-lignin/PLA (w/w); a. 50/50; b. 75/25; c. 90/10; 
d. 100/0). 
2.4 Conclusion 
Softwood kraft lignin was successfully modified following butyration reaction; samples before 
and after modification were analyzed by NMR and FTIR spectroscopy. Modifying lignin 
resulted in enhancing the melt processability. Miscible blends of B-lignin and PLA were 
prepared at ratios of 50/50, 75/25 and 90/10 by melt mixing using a micro compounder to 
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prepare lab scale samples.  DSC analysis revealed the presence of single but broad Tg for B-
lignin and PLA blends indicative of an immiscible but highly compatible blend. DMA 
measurements showed that the storage modulus (E`) value of B-lignin/PLA 75/25 is higher than 
pure B-lignin and B-lignin/PLA 90/10, which might be attributed to the presence of a crystalline 
PLA phase with high overall lignin content. TGA curves provided information about the thermal 
stability and overall carbon yield in the blends. Fine fibers with cylindrical morphology were 
successfully drawn from B-lignin/PLA blends as seen by SEM investigations. The mechanical 
properties of the fibers reveal that the modulus of lignin fiber was observed to be significantly 
influenced by the blend composition. The compatibility between PLA and B-lignin phases in the 
blends was examined qualitatively from TEM micrographs taken from the cross section of 
blends. Microvoids structure was observed in carbon fibers produced after successive 
stabilization and carbonization of the lignin based fiber.  Carbon fibers from B-lignin/PLA 75/25 
maintained cylindrical structure while carbon fibers from other ratios deformed during 
carbonization. B-lignin/PLA 75/25 may be the desirable composition for future investigation of 
carbon fiber production due to its overall high compatibility, storage modulus and lignin content 
therefore carbon yield.  
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3. Summary and Future Works 
In present work, butyration reaction was followed to modify softwood kraft lignin, and 
modification was proved to be successful by NMR and FTIR spectroscopy. To a certain extent, 
modification of lignin via butyration improves processibility during melt mixing with PLA, and 
fine fibers of diameter around 100 m were successfully drawn from B-lignin/PLA blends. DSC 
analysis revealed a presence of single but broad Tg for B-lignin and PLA blends and a decreasing 
melting temperature with increasing B-lignin content. These results indicate an immiscible but 
highly compatible blend with PLA crystalline structures inside the blends. DMA measurements 
showed that the storage modulus (E`) value of B-lignin/PLA 75/25 is higher than pure B-lignin 
and B-lignin/PLA 90/10, which might be attributed to the presence of a crystalline PLA phase 
with high overall lignin content. A cylindrical morphology of B-lignin/PLA fibers can be seen by 
SEM images. A micro scale phase separation between B-lignin and PLA phases can also be seen 
from TEM images on the cross section of blends. Desirable modulus of about 2000 MPa for 25% 
PLA weight content fibers can be achieved. Lignin fibers were measured to possess modulus of 
about 500 to 2500 MPa, varied by B-lignin and PLA composition. A prominent increase in 
modulus was observed from B-lignin/PLA 90/10 to B-lignin/PLA 75/25. 
However, the poor miscibility between B-lignin and PLA phases still remains a problem for 
better spinnability and better mechanical properties of final fiber products. Each B-lignin/PLA 
fiber investigated in this research was found to be brittle, and that is one of the reasons for not 
being able to obtain mechanical stress value for individual fibers.  
After thermostabilization and carbonization, microvoids structure was observed in lignin-based 
carbon fibers. The size and scatter of microvoids decrease with the increasing content of B-lignin. 
Carbon fibers were also found deform and lose fibrous structure during carbonization except for 
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carbon fibers from B-lignin/PLA 75/25. Therefore, future works should focus on tailoring the 
heating rates and temperatures, and also on how to set up devices to keep precursor fibers in 
stretching during thermostabilization and carbonization.  
Recently we developed another method to spin lignin-based fibers. Lignin and L-lactide were 
heated together with catalyst in a twin-screw compounder. Lignin grafted PLA was believed to 
be produced by ring-opening graft copolymerization. However, further researches need to be 
done to confirm the reaction and to examine the mechanism of graft copolymerization of L-
lactide onto lignin.  
Research can also be undertaken to investigate other chemical modification methods besides 
butyration which can be potentially used to develop lignin-based carbon fiber by reducing the 
polarity and improving processibilty to form fibers. Acetylation is another kind of esterification, 
which has been studied by Eckert and co-workers to convert softwood kraft lignin into fine 
filaments using melt spinning method [84]. Besides adding ester groups with aliphatic carbon 
chains, double-bond functionality can also be introduced into kraft lignin structure. This is 
expected to be beneficial for the mechanical properties by copolymerization with monomers in 
the resin [66]. Two different pathways were used for this purpose: maleation and methacrylation, 
during which lignin methacrylation offers a better chance to introduce double-bond functionality 
reactive toward free-radical polymerization. 
Lignin depolymerization can also be considered as an option to improve spinnabiltiy when 
blending with polymers. Furthermore, polymers other than PLA can be investigated as plasticizer 
to develop new practical blends systems.  
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